The high-contrast coronagraph for direct imaging earth-like exoplanet at the visible needs a contrast of 10 −10 at a small angular separation of 4λ/D or less. Here we report our recent laboratory experiment that is close to the limits. The test of the high-contrast imaging coronagraph is based on our step-transmission apodized filter. To achieve the goal, we use a liquid crystal array (LCA) as a phase corrector to create a dark hole based on our dedicated focal dark algorithm. We have suppressed the diffracted and speckle noise near the star point image to a level of 1.68×10 −9 at 4λ/D, which can be immediately used for the direct imaging of Jupiter like exoplanets. This demonstrates that high-contrast coronagraph telescope in space has the potentiality to detect and characterize earth-like planets.
INTRODUCTION
Today, searching the universe for earth-like exoplanets is one of the hottest topics in science. Up to now more than 1,000 exoplanets have been detected and confirmed. Most of them were discovered through indirect ways such as the transit method and radial velocity detection. These methods have not been proven sensitive enough for the detection of earth-like planets. The Kepler mission has discovered 2 earth-size planets:
Kelper-62 in the habitable zone and Kepler-78b by transit approach recently (Borucki et al. 2013; Pepe et al. 2013 ). However, direct imaging is needed to fully detect the signatures of life or biomarkers O 2 and O 3 at 2 C.-C. Liu et al. visible wavelengths on the exoplanets by using spectroscopic techniques. To realize this goal, the unwanted diffraction light from host star and speckle noise from the optics system must be efficiently suppressed using high-contrast imaging coronagraphs. A contrast of ∼ 10 −10 is required for imaging earth-like planets in the visible wavelength, which is a great challenge for current techniques. A critical issue is the speckle noise which is induced by any optical imperfection, such as the wave-front error and surface roughness. The static speckle noise, in generally degrades the contrast of a coronagraph to a level on the order of 10 −5 ∼ 10 −7 Ren et al. 2010) .
A common approach used to achieve this high-contrast by other research groups is to correct the optical errors and generate a small local dark hole by using one or two deformable mirrors (DMs), such as the groups led by Jet Propulsion Laboratory (JPL) and Princeton (Trauger & Traub 2007; Kay et al. 2009 ).
However, this approach needs a deformable mirror (DM) with a large number of actuators and complicated phase retrieval algorithm. Although the contrast can reach the level of 10 −10 , the region of the dark holes created by this two groups is not large enough to apply to space telescopes for exoplanet detecting. In our group, we have successfully used the stochastic parallel gradient descent (SPGD) algorithm to efficiently supress speckle noises according to the point spread function (PSF) on the imaging focal plane, and this algorithm is first used in our extreme adaptive optics (ExAO) for a ground-based high-contrast system, which successfully demonstrated that a small dark hole with an extra contrast gain of 65-time improvement is achievable with a DM of 140 actuators (Ren et al. 2012) . Recently, this approach is used in our coronagraph, and the dark hole created by our approach is much larger than that created by other groups, which we will discuss in Section 3.
Ren and Zhu have developed a stepped transmission filter-based coronagraph (Ren & Zhu 2007) .
Recently new designed filter can realize a contrast of 10 −6 at a small angular separation down to 4λ/D (λ is the wavelength and D is the diameter of telescope aperture) in our laboratory test.
Based on the stepped filters, test results of the new designed coronagraph, combined both the stepped transmission filters and our SPGD based dark-hole correction, are presented in Section 2. In Section 3 we show the test optics system and experimental results. Finally, we present the conclusions and outline future developments. & Zhu (2007) have firstly proposed a coronagraph based on stepped transmission filters. This kind of coronagraph can be applied to an off-axis space-based telescope which is aimed for a future space mission for direct imaging of earth-like exoplanet. In our previous papers, we have demonstrated this feasibility with a high-contrast imaging coronagraph (Dou et al. 2009 ). Recently we have designed and manufactured five new filters with the goal for better contrast over a large discovery area.
TESTING RESULTS OF NEW STEPPED FILTERS AND THE DARK-HOLE CORRECTION BASED ON SPGD ALGORITHM

New filters and the testing results
Ren
Here we briefly give the design and testing results in our laboratory. For each filter, the diffraction is suppressed along one direction only (x or y), depending on the orientation of the transmission attenuation in of the complex amplitude of the pupil. The theoretical designed contrast for one filter should reach 10 −6 at the angular distance of equal or larger than 4λ/D from the PSF intensity peak. For this design, two filters can also be combined together one after the other with 90
• orientation. In this case diffraction along the two perpendicular directions of x and y are suppressed, and a theoretical contrast of 10 −8 should be achieved at an angular distance of 4λ/D or larger.
However, in practice the coronagraph can't achieve the theoretical contrast. Because the transmission of the filter is realized by uneven metallic coating, which introduces a thickness variation of optical path, it results in an unexpected phase. High contrast of this transmission filter based coronagraph is achieved by the so-called apodized pupil. Due to the transmission apodized pupil, the transmission throughput for each filter is 0.498. Figure 3 . A 16-bit SBIG camera is used to take these images.
The dark-hole correction based on SPGD using LCA
We have firstly proposed and demonstrated that SPGD algorithm can be applied to the high-contrast coronagraph to reduce speckle noise induced by imperfection optics (Dong et al. 2011) . In previous paper, we used a deformable mirror (DM) to provide an optimal phase to create a dark-hole in a target region and the principle of SPGD algorithm has been discussed in details somewhere (Ren et al. 2012 ). The DM used in his previous test has 140 effective actuators arranged in 12×12 grid. The dark-hole has a small area because 4 C.-C. Liu et al.
Fig. 2
The theoretical 51 step transmission filter and photograph of the real two filters.
for our tests, in our recent test, we use XY nematic series spatial light modulator (SLM) as a phase corrector to replace a DM. The SLM is manufactured by BNS has 512×512 pixels, with a 83.4% fill factor. In the test the pixels are divided into a number of groups and each group is binned as an effective pixel consisting of 8×8 pixels. The XY nematic series SLM is optimized to provide a full wave (2π) of phase stroke upon reflection at the nominal design wavelength.
In this test, we use SPGD optimization algorithm, which measures the wave-front error according to the PSF on the focal plane, and the measured information is used to directly control the phase of the LCA to create a dark-hole.
CONFIGURATIFIG1ON OF DARK-HOLE CORRECTION OPTICS SYSTEM AND THE DARK HOLE CREATION
The intensity calibration of starlight and planet light
Since a 16-bit CCD camera can only measure a contrast up to 1/65,536 (about 10 −4 ) and the contrast we will measure is out of this range, we need use a neutral density (ND) filter to attenuate the star light. Two laser light sources (laser 1 and laser 2) are used to simulate the starlight and the planet light, respectively, with the optical configuration of intensity calibration shown in Figure 4 . We need to know the contrast of the two beams. Therefore, before running the optimization code, we firstly calibrate the intensity of the starlight and planet light sources. The step transmission filters must be removed. A ND filter with 1/1000000 intensity attenuation is inserted in the star beam. In two individual exposures, we adjust the camera exposure time to make the light intensity in the planet and the star equal each other. Figure 5 shows the images in two different exposure times. According to the exposure times and ND attenuation, the contrast between the two beams should be 85/0.5/1000000=1.7×10
8
. Once the contrast of the two sources is known, it can be used to calculate a higher contrast of the coronagraph. When the intensity calibration is The bottom panel shows the comparison between the test and designed PSF contrast along the diagonal direction. Figure 6 shows the layout of the coronagraph optical system under test. The starlight and planet light are simulated by two point lights using two laser light sources (λ = 632.8nm), who's contrast are calibrated in advanced. When we run the SPGD optimization code, the laser used to simulate the planet light will be blocked. The starlight is suppressed when the light passes through the pupil stop and two orthogonal step transmission filters
Optical layout of the whole system
Due to the small number of DM actuators constraints, it is not possible to create a large dark hole. In addition, A DM with large actuators is expensive. Therefore, we use a LCA to replace a DM in our current test. In this test, only one quadrant is used for high contrast imaging. A focal mask composed of a square aperture, is located on the first focal plane (before lens L1), which blocks three quadrants of the focal plane 6 C.-C. Liu et al.
Fig. 4
The optical configuration of intensity calibration. The LCA is located on a plane conjugate to the pupil. A polarizer should be placed before the LCA in order to control incident light polarization state, and the LCA is working as a phase-only modulator when the input light source is linearly polarized in its vertical axis. The phase of the incoming linear polarized light can be modulated by the LCA, as the light passes through it. Finally, the light is imaged by a lens (L2), and a fast CCD camera takes the PSF images.
The PSF images are taken by a 14-bit fast CCD camera and saved in computer in real-time. Then using PSF image the SPGD algorithm evaluates the energy in the target region of interest. According to the evaluation, the SPGD will control the voltage of each LCA effective pixel to provide an overall phase to minimize the energy in the target field of view. Through multiple iterations, the expected dark-hole can be to generate an extra contrast improvement. And the dark hole can be locked stably in the lab environment for at least 6 hours, which is long enough for Jupiter like exoplanets imaging.
Dark hole creation
The dark hole obtained using our SPGD optimization algorithm is shown in Figure7 iterations of the phase correction, the speckle noise in the original PSF has been efficiently removed. Once the dark-hole is created, we turn on the laser light and send the optimized LCA phase.Then the planet image stands out the speckle noise in the dark hole region, and can be seen clearly, as shown in the right panel of Figure 7 . In fact the intensity of the planet is about 3.5 times brighter than residual speckle noise in the demonstrates an extra gain in contrast of two orders of magnitudes through the contribution of the dark hole using the LCA.
CONCLUSIONS AND FUTIRE WORK
In this recent test, we have presented the test results of our new 51-step transmission filters in our highcontrast coronagraph. According to the test, the contrast can reach 10 −7 at 4λ/D, without phase correction.
Then we used the LCA to generate a dark-hole based on our SPGD algorithm with the new filters. In the dark-hole region, an extra contrast ∼100 times has been achieved. Therefore, our high-contrast coronagraph with the step transmission filters achieves a contrast of 10 −9 in the dark-hole region. Our approach has following advantages: the wave-front control algorithm is simple and is done based on the focal plane PSF only; the dark-hole region created is larger, which does not need high density actuator DMs.
This paper demonstrates that our coronagraph is a promising technique for space-based imaging earthlike planets. For future works, we will use a DM (32 × 32 or 64 × 64 actuators) whose precision (λ/10000) for phase correction is better than that of the LCA (λ/100), and the experiment will be carried out in a space-like environment inside a vibration-isolated and vacuum chamber. Based on the two points, the contrast should be able to reach or better than 1 × 10 −10 . Further progresses will be discussed in our future publications.
